Background: Optimizing the atrio-ventricular delay (AVD) is important for increasing the left ventricular (LV) preload in patients receiving cardiac resynchronization therapy (CRT). The optimal AVD may be considered an AVD in which the maximum LV filling time (LVFT) is obtained. However, it is unclear whether or not the optimal AVD determined by Ritter's method (AVD-Ritter) is identical to the AVD in which the maximum LVFT is obtained. The aim of this study was to clarify this point.
Introduction
Cardiac resynchronization therapy (CRT) with biventricular pacing has been demonstrated to be an effective therapy for patients with medically refractory congestive heart failure (CHF) associated with asynchronous cardiac contractions. The intra-cardiac delay optimization of biventricular pacing devices has become an important tool for improving CRT therapy. Optimization of the AV and VV delay have been shown to influence the hemodynamics. [1] [2] [3] It is well known that the AV delay (AVD) has a significant effect on the hemodynamic performance of cardiac pacing because suboptimal AV delay programming can result in a decrease in the cardiac output. 4) Optimal AVD increases the left ventricular (LV) preload by coupling the atrial contraction to the beginning of the ventricular systole. The most common, proven, and tested method for AV and VV optimization is echocardiography. There are several methods for AVD optimization using transmitral Doppler. Ritter et al. showed that the optimal AVD must be determined at the time when the LV filling time (LVFT) is maximally prolonged. 5) However, it is not clear whether the LVFT is at the maximum with the Ritter's method. The aim of this study was to evaluate whether or not the optimal AVD determined by Ritter's method can provide the maximal LVFT by using the corrected LVFT (LVFTc). We compared the optimal AVD with Ritter's method and the Filling Time (FT) method. We also compared the LVFTc under the optimal AVD with Ritter's method and the FT method.
Methods

Study population
This study included 17 patients that received CRT. Three (18%) patients underwent an upgrade from right ventricular pacing to CRT, and the remaining 14 underwent a de novo CRT. The other baseline characteristics of the patients are shown in Table 1 .
Study protocol
The AVD optimization was performed 1 week after receiving CRT. The right atrial pacing lead was positioned in the right atrium appendage for all patients. The optimal AVD was calculated by the Ritter's and FT methods. Both methods were optimized by using the Doppler transmitral flow (TMF). The optimal AVD was determined during atrial sensed (As) and atrial paced (Ap) modes. The optimal AVD was compared with Ritter's and FT methods. The LVFTc was also compared for each optimal AVD. The optimal AVD was also estimated in 11 patients with 1 AV block using both methods, and compared with those obtained from all patients. All measurements were obtained by an independent observer.
Ritter's method
Pulsed Doppler echocardiographic measurements were made at the time of the mitral valve closure (MVC). The optimal AVD was calculated using the following formula: LAVD-[Vs-MVC SAVD -Vs-MVC LAVD ], where SAVD and LAVD are short and long AVDs, respectively, and Vs-MVC is the time interval between the ventricular sensing (Vs) and MVC ( Figure 1 ).
FT method
The AVD was optimized for the maximal LVFTc using Doppler Echocardiography. The Doppler sample point was placed at the mitral valve tip in the apical three-chamber view. In a previous study we had found that the LVFT was significantly positively correlated with the R-R interval (R ¼ 0:978, p < 0:001) in 148 healthy patients ( Figure 2 ). Data are reported as the mean (AESD) or the number.
ACEI: angiotensin converting enzyme inhibitor; ARB: angiotensin receptor blockers, TDI-Td: tissue Doppler imaging-time difference From the regression line (y ¼ 0:87x À 265), we developed a formula for the FT method as follows: [LVFTc ¼ LVFT þ 0:87 Â ð1000 À RRÞ] for correcting the LVFT. The LVFT was measured as the time between the onset of the E-wave and the end of the A-wave of the TMF. The R-R interval was also measured at the same time. The AVD was prolonged in 20 ms increments from 80 ms to 180 ms. In each 20 ms increment, the LVFTc was calculated by using the FT method formula. In addition to those times, the LVFTc was also calculated for the optimal AVD using Ritter's method in increments of around 10 ms.
Statistical analysis
The continuous variables are expressed as the mean AE SD. The paired t-test was used to compare the 2 groups. For non-normally distributed data, the Mann-Whitney U-test was used when comparing two groups. A p value <0:05 was considered significant.
Results
The AVD was determined in all 17 patients during Ap. It also could be determined in 11 patients during As, but it could not in the remaining 6 because the intrinsic heart rate was lower than the setting of the lower rate of the CRT device. The results are summarized in Table 2 . During As, there was a marginally significant difference in the optimal AVD between the Ritter's method and FT method (p ¼ 0:053; Figure 3 ). However, during Ap, the optimal AVD using Ritter's method was significantly longer than that using the FT method (p ¼ 0:017; Figure 3 ). The LVFTc with the optimal AVD using Ritter's method was significantly shorter than that using the FT method during As (p ¼ 0:002; Figure 4) and Ap (p ¼ 0:023; Figure 4 ). There was no correlation in the AVD determined by the two methods during As (R ¼ 0:186; p ¼ 0:563) as well as during Ap (R ¼ 0:421; p ¼ 0:082) ( Figure 5 ).
In the measurement in the 11 patients with 1 AV block, the optimal AVD could be estimated in 6 patients using both methods during As. In those patients, during As, the optimal AVD did not significantly differ between that using the Ritter's method and that using the FT method (p ¼ 0:111; Figure 6 ). During Ap, the optimal AVD using Ritter's method was longer than that using the FT method (p ¼ 0:04; Figure 6 ). During As/Ap, the LVFTc for the optimal AVD using Ritter's method was signifi- cantly shorter than that using the FT method (As, p ¼ 0:032; Ap, p ¼ 0:015: Figure 7 ). One representative case (Patient no. 12 in Table 2 ) is shown in Figure 8 .
As
Ap Figure 4 The effect of the corrected left ventricular filling time (LVFTc) on the optimal AV delay using the Ritter and FT methods in 17 recipients with cardiac resynchronization therapy during atrial sensing (As) and atrial pacing (Ap).
Ap Figure 5 Relationship between the optimal AV delay obtained by Ritter method and FT method.
Ap Figure 6 Optimized AV delay during atrial sensing (As) and atrial pacing (Ap) obtained with the Ritter and FT methods in 11 recipients of cardiac resynchronization therapy with 1 AV block.
Ap Figure 3 Optimized AV delay for atrial sensing (As) and atrial pacing (Ap) obtained by the Ritter and FT methods in 17 recipients of cardiac resynchronization therapy.
Discussion
Two echocardiographic methods for optimizing the AVD have been reported: [5] [6] [7] one is determined by Doppler TMF, and the other by the velocity-time integral of the aorta (Ao-TVI). However, the method using an Ao-TVI may be inaccurate because the timing of the mitral valve closure is determined indirectly and the precise tracing of the Ao-TVI is sometimes difficult and relatively time-consuming.
Small changes in the angle of incidence between the outflow jet and ultrasound beam affects the Ao-TVI. The American Society of Echocardiography proposed a pulsed Doppler TMF technique because no consensus currently exists for the routine performance of the optimization of the AVD after CRT. 8) The optimal AVD is considered to be the time to the closure of the mitral valve after completion of the A-wave of the TMF. At the optimal AVD, the A-wave should not be interrupted, and the LVFT should theoretically become the longest. In the FT method, the optimal AVD is defined as an AVD in which the LVET corrected by the R-R interval (LVFTc) demonstrates the longest interval, indicating that this is the precise method. Ritter's method was based on programming an AVD to synchronize with the end of the late diastolic TMF with the onset of the left ventricular contraction and maximize the diastolic filling. However, this method is a tool used to optimize the AVD in patients with a DDD pacemaker and normal left ventricular function only. 5) Further, it is well known that it is easy to produce an error in estimating the optimal AVD with Ritter's method in those who have a normal A-V electrical conduction because the formula was made for patients with 1 AVB. In additional to these problems, Ritter's method is a little complicated in that the QA time must be measured for long and short AVDs. Further, the beginning of the V-pacing spike on the echocardiogram monitor is not clear. Therefore, it is prone to measurement error.
In this study, the optimal AVD using Ritter's method was calculated and found to be longer than that using the FT method during Ap even though it was measured in patients with 1 AV block. Further, for the optimal AVD using Ritter's method, the maximum LVFTc cannot be achieved during As and Ap.
As Ap Figure 7 The effect of the corrected left ventricular filling time (LVFTc) on the optimal AV delay using the Ritter and FT methods in 11 recipients of cardiac resynchronization therapy with 1 AV block during atrial sensing (As) and atrial pacing (Ap).
AVD(ms)
LVFTc(ms) Figure 8 Representative case (patient no. 12 in Table 2 ).
The figure shows the AVD and LVFTc during Ap. The optimal AVD using the FT method was shorter than that using Ritter's method. The LVFTc was not maximized by the optimal AVD using Ritter's method.
Latency was possibly the reason why the optimal AVD with Ritter's method was found to be longer than that with the FT method. The right atrial pacing lead was positioned in the right atrial appendage in all the patients in this study. In addition, it was expected that there was a time interval delay between the start of the atrial pacing and the atrial contraction (latency) in the CRT-adapted patients who had an electrical conduction block due to their heart disease or the effects of drugs. However, with Ritter's formula, the LAVD time was used, which includes the interval from the beginning of the atrial pace to the ventricular pace. Latency was not considered with Ritter's method. Therefore, the AVD calculated with Ritter's method was longer than that with the FT method during Ap.
If there is any delay from the beginning of the P-wave on the ECG to the atrial sensing (sensing delay), in theory, the optimal AVD is calculated simultaneously in both the Ritter and FT methods. Further, if there is a sensing delay, in theory, the optimal AVD using Ritter's method must be shorter than that with the FT method. In this study, the optimal AVD did not significantly differ between that obtained with either the Ritter or FT method in any of the patients during As. It is possible that the time interval for the atrial sensing was shorter than that for the atrial pacing. In this study, the LVFTc of the AVD using Ritter's method was shorter than that using the FT method during Ap even though it was the same during As. The A-wave on the trace of the mitral flow begins before the atrial sensing. A small difference in the time of the AVD affects the LVFTc. Jansen et al. evaluated various echocardiographic methods of AVD optimization during As to determine which resulted in the highest LV (dP/dt) max measured with a sensor-tipped pressure guidewire in patients receiving CRT. The echocardiographic method included the TVI of the TMF, diastolic filling time, TVI of the LV outflow or aorta, and Ritter's formula. The maximal TVI of the TMF was found to be the most accurate method based on the LV (dP/dt) max. This study showed also that the diastolic filling time was more closely correlated with the LV (dP/dt) max than Ritter's formula. 9) The FT method was a more effective method for determining the optimal AVD than Ritter's method.
Conclusions
For patients with the electrical conduction block, we have to consider the latency during Ap. The LVFTc was not maximized by the optimal AVD using Ritter's method, and even a short difference in the AVD affected the LVFTc, making it shorter and resulted in high LA pressure. Not only Ritter's method, but also the FT method must be used for optimizing the AVD in patients receiving CRT.
